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INTRODUCTION
Nawadays,theunderstanding'Ofintr. llularprocesses,ignaltransductianand
efficient fluarescentprobes.1 The
oved thanksta the utilizatian 'Ofmarepratein-prateinteractianshas i
ique properties'Of nanaparticlesmake
nanaparticle-biamaterialcanjugates activeprabesfar sensingapplicatians.
SemicanductarnanaparticlesQuan.umDats (QD) are an example'Of
nanaparticleswith attractivespectrascapicproperties?QD's 'Offermany
advantagescamparedta fluarophpres,cammanlyused in fluarescence
mIcrascapy.Quantumdatsarenana stals'Ofa fewnanametersin diameter.
TheirdifferentsizeandshapedependsI anthetemperature,surfactantandduratian
'Ofthesynthesis.Thispraducesquant*mdatswithsize-dependenttunable'Optical
properties.l,2If thelightshinedantpesemicanductarnanaparticleshashigher
Thus,it resultsin abraadabsarptianectrum,camparedta fluaraphares,which
phatanenergythanthebandgapen~rgy,thenanelectron-halepairis created.
passessa narrawabsarptianspectru Electranpairrecambinatianresultsin a
narrawemissianpeak.1 Themaximu emissianwavelengthis shiftedta lawer
energies(redshifted)astheparticle~izeincrease,dueta quantumcanfinement
effects.3Hawever,defectsanthesurface'Ofthenanacrystalpraducetrapsthat
accauntfarlassesinthefluarescence.1Thiseffectcausesagreatdiminutiani the
quantumyield(QY),whichstandsfarnumber'Ofemittedphatansaveradsarbed
phatans.1Onewayta eliminatethes~carriertrapsis tapassivatethesurface'Of
2thenanocrystalby coatingit witha
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aterialof a largerenergybandgap.After
thistreatment,manyof thesurfacentapsdisappear,increasingtheQY andthe
fluorescencelifetimeupto severalh<j)urs,4in contrastto commondyes,which
possessmalllifetimes(inthesubmicfosecondtomillisecondrange).Moreover,
the surfacepropertiescanbe preci~ely,changedto matchdifferentspecific
applications.In particular,thenanop~iclescanbe coatedwitha hydrophilic
layertousethemassensorsinbiologiqalsystems.!
QD's arecommonlysynthesizedin ,on-polarorganicsolvents,thereforetheir
surfaceneedsto be functionalizedin orderto be compatiblewithbiological
environments.In particular,two im~ortants rategiesto preparewater-soluble
nanocrystalsaregoingtobediscussedlinthefollowinglines.Oneapproachdeals
withQD's nanocrystalsattachedto steptavidindirectlythroughanactiveester
couplingreaction.This produces anocrystalswith streptavidincovalently
attachedonthesurface,5-10strepta-yidinsperQD conjugate,whichresultsin
QD's StreptavidinConjugates(QD-S1j\V) withspecificbiologicalactivity.5,6For
example,QD-SAV canbebioconjug~tedto biotynilatedproteinsforbiological
labeling.1
Recentdevelopmentsdealwiththeqnc~psulationf QD's insidephospholipid
micellesthrough ydrophobic-hydroppjlicinteractions.7Thisprocessprovidesa
3 210
biologicallayersolubleinaqueousme</lia.Moreover,theselectionofthelipidcan
besuchtomaketheQD'sspecificbiocpmpatibleprobes?
OBJECTIVES
Dueto theextraordinaryopticalprqpertiesof QD, theyareusefultoolsfor
a resultthisresearchprojecthasbeqndividedin thefollowingtargetsgiven
,ratedinsideviralcapsid(BromeMosaic
biologicalapplications.In particulmj,it is aimedto designbiocompatible,
photostablebiosensorQD'stobeinco
Virus)inordertotrackintracellularvitjalpathwaysviaspectroscopicmethods.As
below:
I Modifythesurfacelayerofquant*mdotstoprovideaphotostablebiological
interfacetoincorporateheminsideth~viruscapsid,whichinturnwill beusedas
thecarrierofthesephotoluminescentptobes.Twomodificationsareproposed:
a) Micellephospholipidsincorporate4insidequantumdots7of theappropriate
sizefortheviralcapsid.Refertofigure1.
b) QD-streptavidinconjugateattache4to a singlestrandof biotynilatedDNA,
withtheappropiates quencetoensur~compatibilitywiththeviralcapsidgenetic
material.Refertofigure1.
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II Performphotostabilitystudies9ofthebiocompatiblenanoprobestodetermine
theirstabilityunderlaserexposure.Inparticular,it istargetedtodeterminewhich
coatingshell (biotin-avidinor mic~l1ephospholipids)is moreeffectivein
preventingphotoannealingand pho~odegradationof the nanopartic1esa a
consequenceoftheinteractionbetwe thecoreofthequantumdots(CdSe/ZnS)
andthereactivespecies1Tomtheaqueousmediaor theenvironment.Referto
figure1.
B MV cap sid (C ar r i er )
Linker ??
ZnS/CdSe (Sensor)
Figure1.Thebigpicture:Surf~cemodifiedQuantumDots(optical
nanoprobe)incorporatedinsidelBromeMosaic(BMV) viralcapsid.
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LITERATURE REVIEW
Semiconductorquantumdotsareof int~estduetotheiropticalproperties.Among
othermaterials,CdSecolloidsaretHemoststudieddueto theirfluorescence
emissionin the visiblerangeandItheir eminentuse in materialscience,
biotechnologyandbiology.1OTo USf semiconductornanoparticlesas optical
probes,it is necessarytoaccountfortpeenergyrequirements.Thetotalcharging
energyof semiconductorQD's is obtainedtromthedirectCoulombinteractions
betweenthechargesof thenanocryst~andtromthepolarizationenergy,which
dependsontheshapeandsizeof th~semiconductor.Theenergybandgapof
QD'scanvarieswiththedielectricmediaduetointeractionsof theexcitonwith
thesurfacepolarizationcharge.11Inlparticular,thedielectricforcesarealso
importantinthecaseof surfacefunct,onalizedQD's.Theopticalbandgapcan
beaccuratelycalculated,if theshellcqatingistakeninconsideration.Theexciton
totalenergycontainedin a spherical~anocrystalis theresultof thesumof the
interactionsderivedtromtheelectron/-holesystem,theself- chargingenergyof
bulk bandgap,thekineticenergypf eachelectron-holepair,theCoulomb
pol
each carrier, L ' andthepolari2jationenergyas a resultof electrostatic
e(h)
interactionbetweenspeciesofopposit\;:charge,J :.~l.11Seeequation1.
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Eapf = Ebulk +Ekin +Ekin +Eir +~+" +J polgap g e hole Coul L..J e,hhie e (1)
Theenergytennsftomequation1 acoountsforthedielectriconstantinsidethe
QD's (£1).Thelastthreepolarizatio*tennsdependon theexternaldielectric
surroundings(e3).In thepresenceof anelectricfield,thelayerbetweenthe
chargesinsidethecoreandtheext' al environmentbecomescharged.Thus,
afterfewcorrectionsintheexcitonenergy,toaccountfortheinteractionbetween
ansphericalQDcore(£1)andashellofasecondmaterialwithdielectriconstant
e2anthickness(b-a)andimmersedup.differentdielectricsolvent(e3),asshown
infigure2.All thesemodificationsar~expressedinequation(2)11:
Z 00
i6= 1llj L:aZl+1Al L j;(JlX)XZ1+Z&2&o&la 1=1
(2)
In equation2, cOis thepermittivity/atvacuum,is theQD radius,q is apoint
chargeatpositionr' insidea sphet1calregionand j; representshespherical
Besselfunction.In thiscaseAtisgiv~nbyll:
A = (I +1)aZl+1(&z- 3)[&1+/(&1 &z)]+b21+I(&1- Z)[&3+/(&z+&3)] (3)
I a21+la21+I(&1-&z)(&z-&3)1(/+ ) +bZl+1[&z+/(&1+&z)I&3+/(&z+&3)]
7 214
83
,nstantsforacore/shellQD (d, £2)in aFigure2.DistributionofDielectric
Afteraccountingfortheenergyrequirl .entstoexcitethequantumdots,nowthe
discussionwill befocusedinthestabilityandopticalpropertiesof photoexcited
colloidalsemiconductornanopartic1es~i persedinsolution.
In thecaseof core/shellquantumdot~,suchasCdSe/ZnS,it isbelievedthatthe
sincemanyof thesurfacetrapsareI noweliminatedby theouterlayer.Even
totheluminescencequantumyield(QY),thicknessoftheshellisdirectlyrelat,
though,thissystemis notperfectan~typicallytheQY forcore/shelldotsarein
the1-10% range.4However,when Ire/shellnanoparticlesareexposureto UV
lightinthepresenceof air,theQY Utcreasesdramaticallyasaconsequenceof a
structuralreorganizationftheshelliPducedbythelaserlight.10,12Theproposed
reactionmechanisminvolvestheads Itionofoxygenand/orwatermoleculeson
thesurface,whichreducesthechangesof recombinationfromtheshellenergy
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trapsor photooxidationi the s e. Moreover,aftera long periodof
annealedcore/shellnanoparticlesremaiJnshighevenforseveralmonths.10
photoirradiation,photooxidationtakesplace,asshownin figure3.TheQY ITom
~ TOPO
. Surfa.ceadso~ate(water)
~ OJCldelayer
. rvh, < .
~ CdSe .:.--l.-
:~iFC'~. .
'-~--f'"
~SO~
J""J.~J ..J
~
Figure3.Proposedadsorptionmod~lforthephotoannealingofcore/shellQD
m2.8nmto6nm)is shownin figure4a.ThedependenceonCdSeQD size(
All thethreecurvesfrtwellwitha biexponentialriseanda singleexponential
decay.Theexponentialdecayconst~tis largestfor thesmallestQD sizeand
smallestfor thelargestQD. In figq.re4b, theintegratedintensityversusthe
illuminationtime in air of TOP/TOPOcoatedquantumdots(CdSe/ZnS)is
presented.Thecurvefrtwithabiexpdnentialrise.
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Figure4.Graph(a)showstheI . 'escenceintensityfor2.8nmQD (dashed
theintegratedintensityfora4.1p.mCdSe/ZnSQD'sin TOprrOPO.lo
QD (dottedline).Graph(b)representsline),4.1nmQD (solidline)and6
DespitetheinterestofQuantumDotsIforbiologicalimaging,it hasbeenatough
jobtomeethebiologicalrequiremen~s,TheseincludethesolubilizationofQD's
in aqueousmediaatdifferentpH, tolmaintaintheopticalpropertiesof QD's in
aqueousmedia,to overcomenon-speFificityadsorptionandaggregation,andto
accountforcytotoxicity,13
Typically,biologicalexperiments fluorescentorganicdyesor proteinsas
fluorescentprobes.Theproblemis t~ateventhebestfluorescentdyehassmall
fluorescentlifetimesandlimitstheImonitoringof the live experiments.7To
overcomethis problem,nowaday organicdyes are being replacedby
semiconductornanocrystals,which~xhibitshighphotostability,asdiscussedin
thepreviousparagraphslO,14andalsotheopticaltunabilityofQDsallowstoexcite
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differentsizesof particlesusinga singleexcitationwavelength.Therefore,it is
.
1 I 15slmutaneousy.
emiconductorQD as optical probespossibleto use more than one
OnedisadvantageofusingsemicondUlftornanocrystalsa synthesizedisthatthe
nanoparticlesareproducedfromahy%philicenvironment.5Therefore,thenon
polarquantumdotsneedtobefunctiot1alizedtobecompatiblewiththebiological
media.
To obtainbiocompatibleQD, differ~ntstrategieshavebeenreportedin the
literature,includingsurfacemoditic~tionwith thiolatedligands,17oligomeric
phosphines,t8dendromericstructure~,19and peptides.6,20 Other approaches
involvetheencapsulationf QD's i~sidesilicabeats,14phospholipidmicelles,7
amongothers.
Fromall thestrategiesmentionedi, thepreviousparagraph,onlya few are
adequatefor ourpurposes.To cons ct a biosensorthatcanbe incorporated
insideBromeMosaicVirus(BMV),lthesizeof theopticalprobeshouldbeno
longerthan14nmin diameter,sinceltheBMV viralcapsidhasbeendetermined
tobe28nm.8Forthisparticularp ose,themicelleencapsulatedQD'sandthe
functionalizationfQD'swithstrept~vidinpeptidesarethemostsuitableoption.
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To coupleQD's with peptides,a c~rmnonprocedureinvolvesthe covalent
attachmentofbindingproteinstothe 's surface.Inparticulartheavidin-biotin
systemis verywellknownfor theh andspecificinteractionsbetweenthis
bindingproteinsdueto the electrostaticnteractionsbetweenthenegatively
chargedstreptavidinQD conjugateI(SAV-QD) and the positivelycharged
biotynilatedligand?lTypically5avid~areboundtothesurfaceoftheQD,butin
practice,it is considerthatthereis onfyonestreptavidinperQD. To ensurethis
ratio,theexperimentshouldbe c .edoutat saturationlevels.In thisway,
biotynilatedligandscanbeeasilyatt~chedto thesurfaceof theQD throughan
avidin-biotinbridge.2lOnedifficuhy~fthisprocessis thatthenanocrystalstend
toaggregateandadsorbnonspecificapywhenusedinbiologicalenvironments/
referto figure5a.20
On theotherhand,themicelleapprpachsatisfiesimultaneouslymanyof the
requirementsofbiologicalsystems. emicelleshellfunctionsasaprotectorof
theinnerstructureoftheQD'sandprpvidesthebiologicalinterfacetoactasbio-
probes,it is alsoresponsiblefor th~solubilizationi waterwhilekeepingthe
QD's opticalproperties,provides~olloidalstability,and low non specific
adsorption,refertofigure5bl,7
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Figure5.FunctionalizationofQD'~.In part(a)theQD-SAV2o,21approach
(b)
hasbeenrepresentedandin partl(b)themicelleQD encapsulationl,7is
Themicellestructureis composedof~hydrophobiccoreandahydrophilictale,
thecorecanbecomposedof n-poly{ethyleneglycol)phosphatidylethanolamine
(PEG-PE)oramixtureofphosphatidy~choline(PC)andPEG-PE,refertofigure.
This combinationis usefulsincePEG-PE allowsfor stericstabilizationof PC
liposomes.22PEG-PE'sareclassifiedI as hydrophilicpolymergraftedlipids/' 22
whichin presenceof watert heyIself-assembleinto micellesdueto their
amphiphilicnature.Typically,tb assemblewith the polar molecules
(hydrophilicpart)exposedtothewaterandthenon-polarmolecules(hydrophobic
part)hiddeninthecoreofthemicell~.Thistransformationccursonlywhenthe
lipidconcentrationexceedsacriticalttIicelleconcentration(CMC),23refertotable
1.24Thesemacromoleculesarecommbnlyusedfordrugdeliveryduetotheirlow
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non specificadsorptionandbioco atibility.Theselipidscanresemblethe
behaviorofthecellmembranes,thatanowsthemtointeractwithspecifictargets
onthesurfaceofthecellorinsidethecellmembrane.25
Anotheradvantageof usingPEG- PElphospholipidsto formmicellesis dueto
theirsizeflexibilityandregularstructfe.Thelengthof thehydrophilicPEGtail
«L) in figure6) canbeselectedto Jbtaindifferentsizesof micelle-QD's,1as
shownintable1.PEG-PE'ssizesarecbmmerciallyavailableintherangeof350-
3000Da.Moreover,thestabilityof t~emicellemixtureis directlyrelatedtothe
PEG-PE contentandinparticulartoth~lengthofPEG.22
. .
Hydrophobictail
/"
Hydrophilicheadgroup
~
c~",(cHzcHzJ W ~oJ\-\ J:'~ 0+
H Na
L essof themicellecore(Rc) .
Figure6. n-poly(ethyleneglycol)ph sphatidylethanolamine(pEG-PE)
Table 1: Physicalpropertiesof som PEG-PE'S24
PEG-X Rt=L +Rc(A) Rc(A) L(A) CMC (uM)
750 51 34 17 4.9
2000 67 32 35 5
5000 107 32 75 4.8
14 221
Fromthe discussionof thesetwo n surfacemodificationprocedures,the
adjustingthePEG length,provideusw/ithasetofvariouslengthsofphospholipid
micelle-QDapproachoffersa moreIversatileoption,sincethepossibilityof
micelles,whichcanresultindistinguisJlablephotoreactivitiesandphotobleaching
phenomena.It is aimedto studyth~photostabilityof themicelle-QD'sas a
functionofthePEG lengthinair.Inp~icular,it isproposedtostudyif thelipid
layerpreventsthereleaseof Cadmi,mions(tromthecoreof theQD's) to
environment,andif so,whichis theIsmallestPEG lengththatcaneffectively
blocktheseions. This is an issuebf importance,sincethefmalgoalis to
incorporatehemicelle-QDinsidethe!viralcapsid.For sucha confinedsystem,
thereleaseof fewcadmiumionscausesdramatichangesinthegeneticmaterial
ofthevirus,thecys-cysbondscomple~withtheCadmiumions,thusaffectingthe
stabilityofthevirus.
Anotherpointto addressis theph~tostabilityof SAV-QD comparedto the
micelle-QD'sinaqueousmedia.MorePver,thePEGlengthwill beadjustedtosee
if thereanyeffectin themobilityof reactivespecies(H2O,O2)adsorbedin the
surfaceoftheQD's,originatedtrome1qJosureofQD'stolaserlight.
- - -- -- --
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EXPERIMENTAL WORK
The necessarystepsto achievetlIe desiredobjectivesof studyingthe
photostabilityofmicelleincorporated~D'sisoutlinedinthefollowinglines.
I. SyntheticRoutes
1 Synthesisof FunctionalizedQ lturnDots.Thisis a two-steprocedure,
usingtheprotocoldescribedelse~here16andthesecondstepaddressesthe
whichrequiresfIrstthepreparatiopthesemiconductornanocrystalprecursors
biocompatibilitythroughthephospholipidmicelle ncapsulationfQD's.7
2 Synthesisof QD-SAV conjugatedto biotynilatedDNA This protocol
involvestheattachmentof co .erciallyavailableQD-SAV to a specific
Photostabilitymeasurementsopmicelle-QD'scontainingdifferentlengths
,Ieproceduredescribedelsewhere.8singleDNA sequencethroughas
II. PhotostabilityMeasurements
ofPEG'swill allowto studytf1ephotochemistryofthesurfaceof theQD,
andtocomparewiththestabili1jyoftheQD-SAV.
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III. CharacterizationbySpectrosf:oPY
DetectionofQD'sandfunctionaliz~dQD'sopticalproperties
AbsorptionSpectroscopyforthecOfe/shellQD's
FluorescenceSpectroscopy(sizedi~tributionfQD's andderivatives)
DynamicLightScattering(quantit*ivesizedistribution)
TransmissionElectronMicroscopy(TEM)(particlesize)
GelElectrophoresis(tocharacteriz~chargednanoparticles)
I. SyntheticRoutes
1. SynthesisofFunctionaJp;edQuantumDots:
1.1SynthesisofZnScaped'(:dSenanocrystals.
PROCEDURE
Thesynthesisof ZnS-CdSequanturq.dotsproceedsfollowingHinesandGuyot-
Sionnestprotocol.16This procedwtewas chosenamongothersdue to its
versatility,crystallintyandmonodispersityoftheparticlesthatareobtained.This
is a onepotreactionthatallowsp~oducingCdSecoreparticlescappedwitha
layerofZnS.
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Thisprocedureinvolvesthepreparatiopof Cd andZn stocksolutions.Dimethyl
cadmium(0.25mL) is addedto selenipmpellets(0.2g)previouslydissolvedin
4.5mL of tri-n-octylphosphine(TOP) underargonatmosphere.TheCd stock
solutionis finallydilutedwith 19.5ImL of TOP. TheZn stocksolutionis
preparedbyaddingdimethylzinc(O.3
J
mL)tohexamethyldisilathiane(0.52mL)
in4.5mLofTOPanddilutedwith19. mLofTOP.16
Thisapproachrequiresdryinganddqgassingof hottri-n-octylphosphineoxide
(TOPO)usinga vacuum-argonli e. fterthat,thetemperatureis increasedto
250°C keepingtheAr line.Once~hetemperatureis stabilized,0.7mL of
Cd/Se/TOPsolutionis injectedandth, temperatureis allowedtocooldownuntil
200°C, atwhichtemperaturefive q.55mL portionsof ZnS/TOPsolutionis
successivelyinjectedata rateof Idrqp/s.Finally,thetemperatureis allowedto
cooluntil100°CandthereactionmiXtureis stilTeduring1h.Thenanopartic1es
ydrousmethanol.Theredpelletcollectedarepurifiedbyprecipitationwith
aftercentrifugation(3000rpm)is dissplvedin 10mLofChlorofOIm.In thisway,
ZnS cappedQD areproducedwithIhighstabilityandenhancedluminescence
propertiesduetopassivation.16
ThetypicalQuantumYieldforZnS/qdSeisreportedintheliteraturetobe10%.
TheexperimentalQY obtainedisin eementwiththeliterature(8%).
RESULTSANDDISCUSSION
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TheQD'ssynthesizedbythismethodJtieldedotsof4nmin size(byTEM) and
anemissionbandat566nmmeasured1I>yFluorescencespectroscopy,asshownin
figure7. To obtaingoodresults,it I is importantto prepare1TeshCd stock
solutions,sinceit goesrapiddegr, rt:ion.Duringtheadditionof ZnS/TOP
solutionit isrequiredtoobservetherateof 1drop/s. Thisinitiatestheprocessof
nucleationand allows the controlledgrowthof the nanocrystals.For a
monodisperseample,thenucleation~astobedonein ashortperiodoftimeand
separated1Tomthegrowthstep.In *ontrasthegrowthstepshouldbe given
enoughtimetoproduceamonodisper$edistribution(1droppersecond).26If this
ratiois notobserved,thereactionteqdto fail or a multidispersedistributionof
sizesareobtained.
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1.2SynthesisofPEG-PE mittlleincorporatedquantumdots.
PROCEDURE
To addresstheproblemofbiocompati1>ility,DubertretB andetaf cameupwith
theideatoencapsulates miconductorpanoparticlesinsidephospholipidsmicelles
for in vivoexperiments.Theencapsu~tionf QD insidemicellesgoestrougha
self-assembleprocessin presenceof/water.PowderPEG-PE (5.5p.moles)is
addedto QD (2 mg)suspendedin Cploroform(1 rnL),andthenthesolventis
driedatvacuumThereactionflaskis placedin a waterbathat90°C andthe
mixtureis heatedforthree- fourminhtestoproduceareddishoilypellethatin
presenceofwater(1rnL)formsanoPticallyclearsolution.Afterthat,thesolution
is stirredatroomtemperatureandsf>nicated.Ultracentrifugationat90000rpm
during2hatroomtemperatureis uscPdto isolatetheemptymicellesfromthose
withQD inside7.Aftercentrifugatia redpelletis collectedandredisolvedin
water(1rnL).Thesyntheticrouteof1jhisimpleprocedureisshowninfigure8.
~~~r~Ct,~
~ ~ EvaporateJd
~ PEG-PE
phospholipid
~~
Add water
~ Quantum
~Dot
Figure8.Schemeof4tesyntheticmicelleapproach
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The sizeof themicelle-QD'sis ch¥acterizedby TEM andDynamicLight
Scattering(DLS) (figure9a,9b)and~heopticalpropertiesareCOtTOboratedby
Fluorescencespectroscopy( figure9c)
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To obtainaccuratemeasurementsof Ithesizedistributionby DynamicLight
Scattering,themicellesolutionis dilu*dtentimesandsonicateduringseveral
hours(5h)topreventaggregation.Aft<:jrthat,thesampleispassedthrougha 100
nm filter connectedto an injection,1in sucha way thatany dustparticle
(> 100nm) is trappedinsidethe Iter anddo not interferewith the size
measurements.Anotherimportantconsiderationis thatthesizemeasurements
shouldbetakenpertriplicateor mor~timestobereliableandspecialattention
shouldbe given to the corre1atiqn,which is the indicatorof possible
contaminationinthesample.
The Numberdistributionmeasurents of the differentmicelle-QD'sSIzes
revealedthathesizesofthedotsare1.5-8nmforthePEG-350PEmicelle,10-11
nmforthePEG-550PE, 11.5-12nmlforthePEG-750PE micelle,14-17nmfor
thePEG-2000PE micelle,and18-20/nmforthePEG-3000PE micelle,asshown
in figure9a.ForalltheexperimentstheQD'sparticlesizeisabout4nrn,referto
figure7.
The sizecharacterizationwith TransmissionElectronMicroscopy(TEM) also
Ie,andsonicationforseveralhours.A 10requiresapreviousdilutionofthes
ILLdropcontainingthesampleshoqIdbecarefullydepositedonthesurfaceof a
carboncoatedcuppergrid(200mes~)andleaveit fordryingatroomtemperature
for at leasttwohours.Typicallytpeilluminationpowerof themicroscopeis
settledat65kV andthepicturesare~akenwithamagnificationfatleast150Kto
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beabletodetecttheQD's.BecauseoftJIenatureofthephospholipidlayeraround
selected.Thisis acommonlyusedaci~fornegativestaining,sinceit makesthe
pIeandaninversionof thenegativeis
theQD's,theyareinvisibletotheelect!ronbeamunlessthesolutionisstained.In
thisparticularcase,a solutionof 1% ?TA (Phosphotungsticacid),pH =7 was
backgroundto lookdarkerthanthes
requiredto seethelipidiccoatingc1early,as shownin figure9b. A white
sphericalshellrepresentshephosphoFpidsandthedarkspotscorrespondtothe
QD's. Withthistechnique,bothmicpllelayerandQD'sarevisibleatthesame
time.
In addition,theopticalpropertiesoft~emicellequantumdotsarecorroboratedby
FluorescenceSpectroscopy.Theresul1/sshowthathephospholipidlayerdoesnot
affectthedotenergylevels,sincethpemissionpeakof thebareQD's andthe
encapsulatedappearsaroundthesam~value(578nm),asshownin figure9c,are
in agreementwiththeliterature.5
1.3Synthesisof QD-SAV 'achedtobiotynilatedDNA.
PROCEDURE
Theavidin-biotinis awellknowntinkerto attachnanoparticlestobiotynilated
proteins.Sinceboth avidinand ,iotinare chargedmolecules,the strong
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electrostaticinteractionbetweenthesemoleculesaccountsforrapidconjugation
(6ILL, 1 ILM), acquiredfromQuantum
. 15reactIons'
QD-SAV conjugatesemittingat605
DotCorporation,aremixedwithanaq~eoussolutionofbiotynilatedDNA (6ILL,
13 ILM) andincubationbuffer(6 ILl/-,pH = 8.4).The singlestrandedDNA
sequenceischosen,sothatit canbere40gnizedbytheBMV viralcapsid.8
ThechosenssDNAstrandiscomposeqof 30basesandis 10nm long,withits
5' terminusattachedto biotin,andit/is selectedusingthefollowingsequence:
5'Bio/GTC TTC CGCTCTCGGCAGAGGTGTGAAGGA-3,8.The mixtureis
stirredfor30minutesatroomtemperalture.
Confirmationof the DNA attachmentwith the QD's is followedby Gel
trix is madeof agarosegel(2%)andthe
Electrophoresis.To seeclearlythe/movementof theavidin-biotinsystem,a
concentratedsampleis needed.The
liquidphaseisprovidedbyTBE bu (TRISbase(0.4M),Boricacid(0.45M),
EDTA (10roM). Thereferenceandjthesample(10- 20ILL)areinsertedin the
smallholesmadein thegel.Thevqltageis setto runfromnegativeto positive
poles,thepoweris 75 mY. Afterl2 h of runningtheexperiment,theQD-
SAV/BIO-DNA conjugatedmovesjaround1 cmwithrespecto thereference
(QD-SAV), seefigurelOa. Thisewerimentrepresentsanevidenceof avidin-
biotinattachmentandthattheQD ~emainsattachedtothestreptavidin,whichis
achievedby followingthereaction~nderUV light.DynamicLightScatteringis
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usedtoaccountforthefinalsizeofth~QD-DNAbioconjugate.Theinitialsizeof
theQD-SAV foundunderDLS w~ 13.54nm,whilethesizeof QD-DNA
conjugatewas18.17nmasshownin6~re lOb.
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Figure10.CharacterizationofQP-DNA conjugates.Part(a)representsa
schemeoftheQD-DNAmoveme~alongthechamberandpart(b)shows
thattheNumberdistributio~oftheQDbioconjugatedis 18nm.
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TI. Photostabilityexperiments
2. LaserSetup:
PROCEDURE
The lasersetup is shownbelowin lfigure11.ThepumpalongwithREGA
generatesamonochromaticlaserbe, of800nm,whichis amplifiedbyOPA to
400nm.Thismoreenergeticlaserbe splitintotwopaths,onewhichservesas
thereferencebeam,andtheothero,e (probebeam),whichgoesthroughthe
sample.Both,referencebeamandthejprobebeamarecapturedbythetwoAPD's
(AvalanchePhotodiode).Thetwo D's transferthesignalseparatelyto abox
carintegrator,whichcalculatesthein~ensityandsendsthedatatoPC.Thedatais
recordedinaSpectra-Sensesoftware.
REGA OPA
Figure11.The erimentallasersetup.
26
RESUTLSANDDISCUSSION
233
To carryoutthelaserexperiments,helsamplesarepreviouslydilutedfivetimes
in ultrapurewater,keepingequivaletitconcentrationsin all thesamples,and
sonicateduringseveralhours.A qUm1zcuvetteisusedfortheexperiment.The
laseris setupat89mW(initialpow~).Theinitialpowerpassingthroughthe
sampleis71-74 mY.Theexposuret~e is25minutes.In someofthecases,the
powerincreaseduringthe irradiation,between3 to 4 powerunits.This
phenomenonis attributedto annealiitgeffects.10.11,12The spectraof power
intensityasa functionof timeforthqQD- micelleswithdifferentPEG lengths
(12a,b,C,d,e)andtheQD-DNAconjugate(12t)wererecordedandcomparedto
bareZnS/CdSenanoparticles(12g),refertofigure12.
Theobjectiveof irradiatedifferents~esof micelles-QD'swasto seeif thereis
anyeffectonthemobilityofthereact~especies(water,oxygen)throughthelipid
coating.Theresultshownin figure112indicatea similardecayrateforall the
PEG lengths.In addition,theseresu~sarecomparableto decayrateforavidin-
biotin-DNAlength.Therefore,it seej thatthethicknessof thelipidlayerdoes
notinfluencethephotodegradationra~e.Thismeansthathemicellecoatingisnot
impermeabletothereactiveions,oqginatedasa consequenceof photochemical
reactions.
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chainorganizesas anamorphousolymer,whichin turnincreasesthesteric
hindrancegivingresulto a treepatpwayfortheionsto getin contactwiththe
QD surface.Forthesesetofexperin!tents,i is obviousthatthePEG lengthdoes
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notinfluenceintheQD stability,refetto figure12h. Basedontheseresults,a
disorderedpolymercoatingaroundth~QD'swasstudied,theselectionwasthe
QD-DNAconjugate.Thelaserexperirpentonthissampleprovidesevidencethat
the functionalizationf theQD's withavidin-biotinlinkageoffersthesame
photostabilityasthemicelle-QD's.Fi1jlally,thefluorescencespectroscopyof the
exposedsampleshowedanincremen~of fourtimesintheintensitywithnoshift
comparedto theunexposedsamples,1whichis in perfectagreementwiththe
literature,asshownin figure13.
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Figure 13.EmissioniPtensityof theexposedsamples.
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CONCLUSIONS AND FUTURE WORK
OneimportantconclusionderivedITqmthelaserexperimentsis thatthedecay
rateis almosthesameforall thePIr:Glengths.Thereforethesizeof thePEG
lengthdoesnotaffecthephotostabil~tyof theQD. Moreover,micelle-QDand
QD-DNA showsimilarphotoreactivity,hus,eitherof thesetwosystemscanbe
usedto performphototoxicitystudie~onQD's. Thecontentof Cadmiumions
releasedin solutioncanbemonitore<ilby ICP. In thecaseof themicelles,the
PEG-350will bechosento carryouttheICP experiments.ThefinalresultITom
theseanalyseswill determineif the .celIecanbeincorporatedinsidetheBMV
viruscapsid.
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